Hereditary renal carcinoma (RC) in the rat, originally reported by R. Eker in 1954, is an example of a Mendelian dominant predisposition to a specific cancer in an experimental animal. At the histologic level, RCs develop through multiple stages from early preneoplastic lesions (e.g., atypical tubules) to adenomas in virtually all heterozygotes by the age of 1 year. The homozygous mutant condition is lethal at -10 days of fetal life. Ionizing radiation induces additional tumors in a linear dose-response relationship, suggesting that in heterozygotes two events (one inherited, one somatic) are necessary to produce tumors, and that the predisposing gene is a tumor suppressor gene. No genetic linkage has yet been found between the Eker mutation and rat DNA sequences homologous to those in human chromosome 3p, the presumed site of the putative tumor suppressor gene responsible for human RC. Nonrandom loss of rat chromosome 5 in RC-derived cell lines is sometimes associated with homozygous deletion of the interferon gene loci at rat chromosome bands 5q31-q33. Since this locus is not linked with the predisposing inherited gene in the Eker rat, it probably represents a second tumor suppressor gene involved in tumor progression.
A class of cancer genes, called tumor suppressor genes or antioncogenes, has been revealed by the study of hereditary human cancers (1) . Although these genes are recessive in oncogenesis, they render heterozygous carriers highly susceptible to particular cancers and so appear in pedigrees as dominantly inherited disorders. Such a dominantly inherited predisposition was described in the rat by Eker (2, 3) . The heterozygous Eker rat typically develops multiple renal tumors, and penetrance for this renal carcinoma gene (RC) is virtually complete. Here we present results of our studies of the Eker rat (RC/+) that lead us to the following conclusions: (i) the RC gene does not seem to be homologous to one or more genes on human chromosome 3 that determine susceptibility to RC; (ii) a putative tumor suppressor gene near the a-interferon locus on rat chromosome 5 seems to be important in tumor progression but is not the RC gene; (iii) renal tumors in the rat appear to involve two hits, one of which is inherited in the Eker rat and the other of which can be induced by ionizing radiation; (iv) germ-line homozygosity for the Eker mutation is lethal at -10 days of fetal life; and (v) the Eker rat is a promising animal model for analyzing genetic events in hereditary and induced cancer.
MATERIALS AND METHODS Animals and Pathology. A founder Eker rat with the RC gene on a hooded Long-Evans (LE) strain background was kindly provided by Reidar and Per Eker and Torre Sanner (The Norwegian Radium Hospital, Oslo). Breeding has been continued with rats of the hooded LE strain (Charles River Breeding Laboratories). Eker rats were diagnosed as carriers after unilateral nephrectomy for the histologic detection of tumors in the excised kidney at 4-10 months of age. Tissues were fixed in phosphate-buffered formalin and embedded in paraffin. All sections were stained with hematoxylin/eosin; selected sections were stained with periodic acid/Schiff preceded by diastase digestion, with alcian blue, or with Hale's colloidal iron for acid mucopolysaccharides. Renal histology was evaluated using previously described criteria for neoplastic lesions (e.g., atypical tubules, atypical hyperplasia, adenomas, and carcinomas) (4).
Matings of two heterozygotes produce progeny in the ratio of 1:2:0 (normal/heterozygote/mutant homozygote) liveborn animals, as reported (3). Embryos resulting from matings of two heterozygotes were examined for evidence of abnormality in putative homozygotes. Recovered embryos were fixed in Bouin's solution.
Radiation Experiment. Three-to four-week-old pups were identified with numbered ear clips, lightly anesthetized with Ketamine, and irradiated. They were positioned so that both kidneys were within the tissue volume irradiated bilaterally by two parallel-opposed 2.5-cn-diameter beams of 137Cs y-rays (Shepherd model 280 irradiator;'J. L. Shepherd and Associates, San Fernando, CA).
Animals were sacrificed at 10-11 months, and their kidneys were removed. The organ was cut along its major axis in two coronal planes separated by 3-4 mm, resulting in three histologic blocks, with the middle one containing the hilum and the other two representing the anterior and posterior thirds of the kidney. Tumors (adenomas and carcinomas) were counted in all sections of irradiated and control kidneys.
Cell Lines. Twenty cultured cell lines have been established from renal tubular tumors that arose spontaneously in LE rats heterozygous (RC/ +) for the Eker mutation (5). Tumors, all but one of which were >10 mm in at least one dimension, were isolated free of normal kidney tissue and minced with scalpels. The (7) . The cells were treated with trypsin and exposed to hypotonic solution (0.075 M KCI) for 15 min.
Fixation was accomplished with a 3:1 mixture of methanol/ acetic acid. Cells were dropped onto glass slides; the slides were then heated overnight at 55°C followed by 1 hr at 95°C. G-banding was obtained with Wright's stain and 6-9 metaphase spreads were karyotyped for each cell line. Chromosome identification and karyotype designations were in accordance with nomenclature established for standard metaphase and high-resolution G-banded chromosomes (8, 9) . In an independent cytogenetic analysis, Funaki et (RC/+) animals develop fewer tumors than do LE (RC/+) animals, the weanling backcross offspring were irradiated with 9 Gy at 3 weeks of age, as described previously, in order to enhance the difference in tumor multiplicity between heterozygous (RC/+) and normal (+/+) animals. All progeny were tested for linkage with markers for which we were able to find polymorphic differences (restriction fragment length polymorphisms) between the LE and BN strains.
Molecular Analysis. DNAs were isolated from normal liver or spleen and from kidney tumors by digestion with 2% SDS/proteinase K followed by extraction with phenol, as reported (11) . Cultured cells were harvested from the plates by trypsin treatment and washed in phosphate-buffered saline. DNA was extracted in the same fashion. DNAs (10 ,g per lane) were digested with appropriate restriction enzymes, electrophoresed on a 0.7% agarose gel, and transferred onto nylon membranes (Hybond N+; Amersham). These blots were hybridized overnight at 60°C-65°C in a solution containing 10% SDS, 7% polyethylene glycol (Mr 6000), salmon sperm DNA (100 ,ug/ml), and 32P-labeled DNA probes (106 cpm/ml) prepared by a random oligonucleotide-priming procedure (12) . The filters were washed twice in 0.5x standard saline citrate/0.1% SDS at room temperature for 15 min, and at 550C-650C for 30 min. They were exposed to x-ray film with an intensifying screen at -70'C for 1-2 days. (Fig. 2) . Radiation-Induced Renal Tumors. Hooded LE male rats carrying the Eker gene (RC/+) were mated with wild-type hooded LE female rats to produce pups that were divided into four groups, receiving 0, 3, 6, or 9 Gy of irradiation. Each group originally included 50 animals, but 4 died during the experiment, and 47 were mistakenly sacrificed too early (<8 months), leaving 38, 35, 37, and 39 animals that were in the 0-, 3-, 6-, and 9-Gy groups, respectively. Ionizing radiation increased the number of tumors in the evidently heterozygous (RC/+) rats. The increase was 11-to 12-fold at 9 Gy, with a nearly linear response over the dose range 0-9 Gy (Table 1) . Four rats had one or two tumors each at 6-9 Gy but few of the associated renal lesions found in irradiated heterozygotes, so they were counted as genetically normal (+/+). Sixty-six of the total of 149 rats (44%) had tumors, which is not significantly different from the expected 50%o (V2 = 1.94; P > 0.05). Linear regression analysis yields the following best-fitting equation for tumors in males:
RESULTS
Tm (mean no. of tumors in males) = 6.OD (dose in Gy) + 4.4.
The corresponding relationship for females is Tf = 3.OD + 2.8, which is approximately equal to Tm/2, consistent with the observation that males develop twice as many tumors as do females (3) . Because of the substantial standard deviations, we also made comparisons with best-fitting pure quadratic equations, Tm = 0.62D2 + 11.7 and Tf = 0.45D2 + 10.3. The linear relationship gave a much better fit, with the sums of the squares of the differences being 6.8 (males) and 11.8 (females) for the linear and 84 and 414 for the quadratic equations. The linear relationship that we have found supports the idea that only one somatic event is necessary in Eker rats, whereas normal rats demonstrate a typical quadratic dose-response, implying that two or more events are necessary in the absence of the predisposing mutation (14) . 5 as well as several other numerical and structural changes. The remaining cell line (ERC-18) was pseudodiploid and had two copies of chromosome 5, each with a subtle interstitial deletion, del(5)(q31q32 or q32q33), as well as an unbalanced translocation involving chromosomes S and 6, der(6)1(5;6)(q34;q24) (Fig. 3) . The remaining portion (i.e., pter-q33) of the rearranged chromosome 5 of the translocation was lost; thus the karyotype contains no intact band 5q32. Funaki et al. (10) reported the der(6) and one chromosome 5; thus a nondisjunction evidently occurred after their examination of this line.
DNAs from all 20 cell lines were tested with five probes (c-mos, Itifa, Inib, L-myc, and c-jun) known to detect sequences on rat chromosome 5. Homozygous, partial or complete deletion of the Infa genes occurred in five cell lines (four of which are shown in Fig. 4 were also tested, and the results were similarly negative. We were especially interested in Tgfa in light of our previous finding of its increased expression in our cell lines (18) .
DISCUSSION
Each human cancer seems to exist in both hereditary and nonhereditary forms. Some 50 or so types of dominantly heritable predispositions to cancer have been described, including such well known entities as retinoblastoma, neurofibromatosis, and polyposis coli (1) . It has been hypothesized that predisposed individuals are heterozygous for a mutant recessive turpr gene (antioncogene or tumor suppressor gene) and ti tumor formation results when the normal copy of the genWe is mutated or lost. In the nonhereditary form of a tumor two somatic steps would be necessary to inactivate a tumor suppressor locus, whereas only one somatic step would suffice in the hereditary form.
Human RCs also occur in hereditary and sporadic forms. In two RC families, each affected member carried a germ-line chromosomal rearrangement in the form of a translocation [t(3;8) (19) and t(3;6) (20)]. Affected individuals developed multiple and/or bilateral tumors. The breakpoints on chromosome 3 were localized to one region (3p13-p14.2). In an autosomal dominant disorder, von Hippel-Lindau disease (VHL), affected patients develop multiple renal cysts and/or RCs in addition to hemangioblastomas of the central nervous system. The VHL gene was localized by linkage analysis to chromosome bands 3p25-p26 (21) . On the other hand, loss of heterozygosity for alleles at bands 3p13-p14 and/or 3p21 was found in >90% of sporadic nonpapillary carcinomas (22) . Thus, karyotypic change affecting a tumor suppressor gene in the 3p region might be the initial chromosomal aberration in human nonpapillary RCs. We therefore investigated whether the Eker rat RC mutation might be homologous to a gene on human chromosome 3, in which case it would be linked to one or more conserved polymorphic probes derived from human chromosome 3. However, no linkage between rat RC and a panel of such probes was found.
It is uncertain why the Eker mutation does not show linkage to human chromosome 3 sequences. It may be that the tumors are fundamentally different and have different genetic causes. In fact, there are some histologic differences between human and rat tumors. Human tumors are classified pathologically by the dominant cell type (clear, granular, spindle, or polymorphic cell), by the cellular arrangement -(alveolar, tubular, papillary, cystic, or solid), and by the degree of nuclear atypia (23) . Recently, on the basis of combined histopathologic and molecular cytogenetic studies, four main histologic forms, with distinct molecular pathologies, have been recognized: (i) nonpapillary carcinomas, predominantly clear cell type, having chromosomal 3p deletion; (ii) papillary carcinomas, usually granular cell type, having trisomy 7 and trisomy 17 as initial changes; (iii) renal oncocytomas with mitochondrial DNA abnormalities; and (iv) carcinomas of chromophobe cell type, with multiple chromosomal losses (24) . The tumors of the Eker rat do not fit precisely into any ofthese categories, being predominantly nonpapillary and granular; clear cell tumors generally are very rare in rats (4, 13) . Therefore, the question of homology cannot be answered at present.
Funaki et al. (10) reported frequent nonrandom losses of chromosomes 4, 5, and 6 in Eker rat-derived tumor cells. We confirm these losses. In the case of rat chromosome 5 we have found homozygous deletions ofInfa genes (5q31-q33) in some cell lines, suggesting that a tumor suppressor gene at this site is important. In one cell line (ERC-18) there was a der(6)7(5;6) in which the region 5pter-q33 was lost. In addition, there were duplicate copies of a rearranged chromosome 5 displaying a tiny deletion, del(5)(q31q32 or q32q33) (Fig. 3) . In three tumor cell lines the single chromosome 5 shows loss of Infa sequences but no microscopic deletion, so we presume that a tumor suppressor gene is within 3 megabases or so ofInfa. The study of Infa and Inib loci [human 9p22 (25) and rat 5q31-q33 (17) ] in other kinds of tumors of the human and rat has also suggested a tumor suppressor gene (26, 27) in their proximity.
However, Infa and RC are not linked, so we conclude that the putative suppressor locus on chromosome 5 may be involved in tumor growth and progression. Similarly, no linkage was found with markers on rat chromosomes 4 and 6, notably for Tgfa, which is overexpressed in the tumors (18) . Linkage studies of markers on other chromosomes remain to be done.
Three specific genes of possible interest, RB) (retinoblastoma), TP53 (p53), and WTI (Wilms' tumor), have shown no abnormalities (28) .
Our experiments demonstrate that the number of renal tumors is increased by ionizing radiation to the target tissue in a linear dose-response relationship. This suggests that just one somatic event is necessary for production of tumors in genetically susceptible rats, supporting the idea that the inherited mutation may be in a tumor suppressor gene.
In rats, we have ascertained an effect of inherited homozygosity for the mutation. We find that the homozygous state is lethal, with an apparent phenotypic effect on brain development. In the absence of tumors in heterozygotes, the Eker rat would be known only for carrying an embryonic lethal mutation. The question that arises is whether renal and neural abnormalities are pleiotropic effects of a single gene or are manifestations of occult deletion of contiguous genes.
Continued analysis of the Eker rat could lead to identification of an additional tumor suppressor gene. Our findings, combined with those of Walker et al. (29) that tumors can be induced in Eker rats by chemical agents, further suggest that this rat model could be useful in the study of environmentally induced cancer.
